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Abstract 

In addition to its essential functions within the cytoskeleton, actin also localizes to the cell nucleus, 

where it is linked to many important nuclear processes from gene expression to maintenance of 

genomic integrity. However, the molecular mechanisms by which actin operates in the nucleus 

remain poorly understood. Here we have used two complementary mass spectrometry (MS) 

techniques, AP-MS and BioID-MS, to identify binding partners for nuclear actin. Common high-

confidence interactions highlight the role of actin in chromatin remodeling complexes and identify 

the hATAC histone modifier as a novel actin-containing nuclear complex. Further analysis 

demonstrates that actin binds directly to the hATAC subunit KAT14, and modulates its histone acetyl 

transferase activity in vitro and in cells. BioID-MS, which can detect also transient interactions, links 

actin to several steps of transcription as well as to RNA processing. Alterations in nuclear actin levels 

disturb alternative exon skipping of the SMN2 minigene, suggesting also a functional role for actin 

in RNA splicing. This interactome analysis thus identifies both novel direct binding partners and 

functional roles for nuclear actin, as well as forms a platform for further mechanistic studies on how 

actin operates during essential nuclear processes. 
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Introduction 

Actin and its importance in the cytoplasm is well known. Actin filaments and their coordinated 

assembly, regulated by numerous actin-binding proteins (ABPs), are required for cell migration, 

cytokinesis and membrane dynamics (Le Clainche and Carlier, 2008; Pollard and Cooper, 2009).  

Although actin is more recognized from its actions in the cytoplasm, it was found already decades 

ago inside the nucleus and suggested to be involved in transcription (Egly et al., 1984). Today, actin 

is linked to numerous nuclear functions from gene expression to maintenance of genomic integrity 

(Viita and Vartiainen, 2017). 

Development of probes, which recognize different forms of actin, as well as improved live imaging 

techniques, have proven the significance of actin dynamics in the nucleus (Grosse and Vartiainen, 

2013). Nowadays it is firmly established that nuclear actin can polymerize, and even form phalloidin-

stainable filaments in certain situations, such as upon serum stimulation (Baarlink et al., 2013), cell 

spreading (Plessner et al., 2015), DNA damage responses (Belin et al., 2015; Schrank et al., 2018; 

Wang et al., 2017) and during certain cell-cycle phases (Baarlink et al., 2017). In the cytoplasm, a 

large number of actin-binding proteins regulate actin dynamics. However, despite the fact that 

many actin-binding proteins localize to the nucleus (Kumeta et al., 2012), only very few of them 

have been shown to regulate nuclear actin dynamics. These include cofilin (Baarlink et al., 2017), 

diaphanous-related formins (mDia1/2) (Baarlink et al., 2013), formin-2 (FMN2), together with Spire-

1/Spire-2 (Belin et al., 2015) and Arp2/3 complex (Caridi et al., 2018; Schrank et al., 2018). 

Collectively these studies have demonstrated that like cytoplasmic actin, nuclear actin dynamics are 

very tightly regulated.  

Actin is linked to many processes that regulate gene expression. Actin, often together with the actin-

related proteins (Arps), is a component of many chromatin remodeling complexes such as SWI/SNF 

(Zhao et al., 1998), SWR1 (Mizuguchi et al., 2004), Nu4A (Galarneau et al., 2000), Ino80 (Ayala et al., 

2018; Eustermann et al., 2018), Tip60 (Ikura et al., 2000) and SRCAP (Cai et al., 2005). It has been 

shown that different ATPases of the chromatin remodeling complexes can bind actin with their 

helicase-SAINT associated (HSA) domain (Szerlong et al., 2008). Recent structural work have begun 

the shed light on the functional relevance of actin in these complexes. For example, in the Ino80 

complex actin, Arp4 and Arp8 form a module that is involved in recognizing the extranucleosomal 

linker DNA (Knoll et al., 2018). Actin can also regulate gene expression by controlling the activity of 

specific transcription factors.  Perhaps the best-characterized example is serum response factor 
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(SRF), which controls the expression of many cytoskeletal genes in response to changes in actin 

dynamics. The signal from the actin cytoskeleton to SRF is mediated by the transcription coactivator 

Mrtf-A (also known as MAL or MKL1) (Miralles et al., 2003). Mrtf-A binds actin monomers through 

its RPEL domain, which regulates the nuclear localization and activity of Mrtf-A in response to actin 

dynamics (Vartiainen et al., 2007).  

Actin has also been linked directly to the transcription process, because it can be co-purified with 

all three RNA polymerases (Pol): Pol I (Fomproix and Percipalle, 2004), Pol II  (Egly et al., 1984; Smith 

et al., 1979) and Pol III (Hu et al., 2004). The precise molecular mechanisms by which actin 

participates in transcription are still unclear, but balanced nucleo-cytoplasmic shuttling of actin is 

necessary for transcription (Dopie et al., 2012; Sokolova et al., 2018). Availability of nuclear actin 

monomers seems to be critical here, since polymerization of nuclear actin to stable filaments 

(Serebryannyy et al., 2016b) or activation of a mechanosensory complex consisting of emerin, non-

muscle myosin II and actin (Le, et al 2016) repress transcription. Our recent genome-wide analysis 

revealed that actin interacts with essentially all transcribed genes. Actin is found, together with Pol 

II, near transcription start sites of most genes, as well as on the gene bodies of highly expressed 

genes (Sokolova et al., 2018). Actin may thus have several functions during the transcription process, 

and has, in fact, been implicated in  pre-initiation complex (PIC) assembly (Hofmann et al., 2004) as 

well as transcription elongation via pTEF-β complex (Qi et al., 2011). In addition, actin has also been 

shown to bind heterogeneous nuclear ribonucleoproteins (hnRNPs) (Obrdlik et al., 2008; Percipalle 

et al., 2003; Percipalle et al., 2002), which could indicate a function for actin in mRNA processing. 

Beyond gene expression, nuclear actin has recently been linked to also DNA damage responses and 

DNA replication. Actin dynamics and formin activity are required for initiation of DNA replication by 

influencing nuclear transport and loading of replication proteins onto chromatin (Parisis et al., 

2017). Nuclear actin dynamics are also important in DNA damage responses as reduced nuclear 

actin increases the number of double stranded DNA breaks (DSB) in cells (Belin et al., 2015). 

Moreover, it seems that DNA damage promotes nuclear actin filament formation (Belin et al., 2015; 

Wang et al., 2017). These filaments are needed for the DNA damage repair, as their loss leads to 

reduced efficiency of DSB clearance. Two recent papers show that the nuclear actin polymerization, 

mediated by the Arp2/3 complex, is needed for DBS movement in the nucleus (Caridi et al., 2018; 

Schrank et al., 2018). 
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It is evident that actin has many important functions within the nucleus. However, the molecular 

mechanisms by which actin operates during these essential events have remained largely unclear, 

with one critical aspect being the relatively limited knowledge that we have on the binding partners 

for nuclear actin. For this reason, we decided to resolve the nuclear actin interactome by using two 

complementary mass spectrometry (MS)-based techniques, Affinity Purification (AP)-MS and 

Proximity-dependent biotin identification (BioID)-MS, allowing us to probe both stable and dynamic 

interactions of nuclear actin. As expected, the stable interactions include several components of 

different chromatin remodeling complexes known to contain actin. The BioID data, on the other 

hand, links actin to pre-mRNA processing and transcription. Among the hits, we identify a novel 

direct binding partner for actin in the nucleus, KAT14, which is part of the histone modifying complex 

Ada-Two-A-Containing complex (hATAC). Further functional analysis reveals that actin inhibits the 

KAT14 histone transferase activity both in vitro and in cells. Collectively, our nuclear actin 

interactome analysis links actin to novel functions within the nucleus, and provides a platform for 

further mechanistic studies. 

  

Results 

Two complementary approaches for obtaining the nuclear actin interactome 

Actin has been linked to many important nuclear processes from gene expression to maintenance 

of genomic integrity, but the molecular mechanisms have remained largely unclear. The first step 

towards elucidating these mechanisms is to identify the binding partners for actin in the nuclear 

compartment. Here we have used two complementary Mass Spectrometry (MS) based approaches, 

Affinity Purification (AP)-MS (Varjosalo et al., 2013) and Proximity-dependent biotin identification 

(BioID)-MS (Roux et al., 2012) (Figure 1A) to identify binding partners for nuclear actin. These two 

methods complement each other, because AP-MS aims to catch stable protein complexes in mild 

lysis conditions, while biotinylation of near neighbors of the bait protein in BioID allows the 

detection of more transient interactions, and the usage of harsher lysis conditions. The low amount 

of actin in the nucleus compared to cytoplasm, and  the ability to distinguish the actual nuclear 

interactions from cytoplasmic ones [reviewed in (Viita and Vartiainen, 2017)], make it challenging 

to study nuclear actin-binding partners. To overcome these obstacles in our study, we have added 

nuclear localization signal (NLS) to actin to enrich actin amounts in the nucleus. As a control, besides 
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of the diffusively localizing GFP (Supplementary Figure 1C), we used actin without the NLS, which 

allowed us to compare cytoplasmic and nuclear pools of actin with our two MS techniques 

(Supplementary Figure 1A,B; see Materials and methods for MS data analysis). Primary data from 

the MS can be found in Supplementary table 1 and analyzed data with high-confidence interactions 

in Supplementary table 2. Database for Annotation, Visualization and Integrated Discovery (DAVID) 

(Huang et al., 2009) annotation tool revealed that NLS-signal increases the amount of proteins with 

GO term nucleus (GO: 0005634) (58 % in AP-MS-NLS-actin and 65 % in BioID-NLS-actin) compared 

to the interactomes without NLS-signal (38 % in AP-MS-actin and 0 % in BioID-actin) (Figure 1B). This 

shows that we have been able to enrich nuclear proteins with our NLS-actin constructs. We have 

also used non-polymerizable R62D-actin mutant (Supplementary Figure 1 A,B) (Posern et al., 2002) 

to study if polymerization status of actin would affect its nuclear interactions. However, most NLS-

Actin and NLS-R62D-Actin hits were overlapping (Figure 1C), which indicates that actin does not 

need the capacity to polymerize to interact with the proteins detected in our experimental setup. 

For this reason, we combined the actin and actin-R62D datasets and thus overall obtained 4 

different interactomes: NLS-actin AP-MS, NLS-actin BioID, actin AP-MS and actin BioID 

(Supplementary table 2). The shared hits from the actin AP-MS and BioID were, as expected, known 

regulators of the cytoskeleton and of actin filament assembly (Supplementary Figure 2 A,B). 

 

Stable interactions of actin in chromatin remodeling and modifying complexes 

AP-MS resulted in fewer high-confidence interactions than BioID (Figure 2A), likely because BioID 

can also detect more transient interactions. Similar differences between these two approaches have 

been observed previously for various proteins (Lambert et al., 2015; Liu et al., 2018). Most of the 

shared hits from the AP-MS and BioID (Figure 2B) include already established interactions of actin 

in chromatin remodeling complexes, including SWI/SNF (Zhao et al., 1998) (ARP4, BRG1 and BAF170) 

and SRCAP/TIP60 (Cai et al., 2005; Ikura et al., 2000) (ARP4, EP400, YEATS4, DMAP1). Three shared 

hits, KHSRP (Russo et al., 2011), hnRNPF (Wang and Cambi, 2009) and SSB (Liang et al., 2013), have 

been linked to alternative splicing. In addition, the shared hits contained several subunits (KAT14, 

ZZZ3, MBIP, YEATS2) of the human Ada-Two-A-containing (hATAC) complex (Guelman et al., 2009; 

Wang et al., 2008). To our knowledge, hATAC has not been linked to actin before, although the 

complex interacts with PCAF, which in turn binds actin (Obrdlik et al., 2008). hATAC complex is a 
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histone acetyl transferase complex, which can acetylate H3 and H4 in mammals (Guelman et al., 

2009) and in fruit fly (Guelman et al., 2006; Suganuma et al., 2008). 

The unique hits from the AP-MS contained further subunits from the SWI/SNF (BAF155, BAF57 and 

BAF60b) (Euskirchen et al., 2012), SRCAP/TIP60 (RUVBL1/2, TRRAP, BRD8, MRGBP and ING3) (Doyon 

et al., 2004) and hATAC (ADA2A) (Guelman et al., 2009; Wang et al., 2008) complexes (Figure 2C), 

which shows that we were able to pull down intact complexes with this technique. In addition, these 

hits also contained several proteins, which are known to interact with actin, including  PHACTR2, 

PHACTR4 (Allen et al., 2004), FLNA (Shao et al., 2016), TMOD2 (Fowler and Dominguez, 2017), 

MARCKSL1 (El Amri et al., 2018), SPTBN1 (Machnicka et al., 2014) and MRTF-B (Miralles et al., 2003) 

(Figure 2B). Many of these proteins, or their homologs, have also previously been localized to the 

nucleus (Deng et al., 2012; Machnicka et al., 2014; Miralles et al., 2003; Rohrbach et al., 2015; 

Wiezlak et al., 2012). For instance, MRTF-B is a transcription coactivator of SRF, and presumably 

regulated by nuclear actin similarly to MRTF-A (Vartiainen et al., 2007). FLNA, an actin-crosslinking 

protein, interacts with MRTF-A to regulate its activity (Kircher et al., 2015) and has also been linked 

to DNA repair (Yue et al., 2009), whereas  LRRFIP2 is an transcription coactivator (Liu et al., 2005) 

that interacts with Flightless-I, an actin-binding protein of the gelsolin family (Fong and de Couet, 

1999). Finally, over 30% of the unique hits from the AP-MS were linked to translation 

(Supplementary table 2). This may reflect the fact that actin has been linked to both Pol I-mediated 

transcription and assembly of ribonucleoprotein particles (Percipalle, 2009). 

 

BioID links actin to transcription and mRNA processing 

The high-confidence interactions from BioID link actin to many different functions in the nucleus 

such as chromatin remodeling, transcription, DNA replication and mRNA processing (Figure 3A). 

Most notably, more than 30 % of the unique hits from BioID, as well as few unique hits from the AP-

MS (DDX21, CSDB), were associated with mRNA splicing or processing (Figures 2B and 3A). The hits 

included small nuclear ribonucleoproteins (snRNPs) from essentially all of the major subunits of the 

spliceosome and proteins regulating different spliceosome compositions, particularly those of 

complex B or Bact (Figure 3B) (Wahl and Luhrmann, 2015). These findings imply that actin could be 

directly involved in pre-mRNA splicing/processing. Alternatively, the co-transcriptional nature of 

splicing (Herzel et al., 2017), and the involvement of actin in transcription (Fomproix and Percipalle, 
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2004; Hofmann et al., 2004; Kukalev et al., 2005; Obrdlik et al., 2008; Percipalle et al., 2003; 

Philimonenko et al., 2004; Sokolova et al., 2018), may result in the detection of these RNA 

splicing/processing related proteins here.  

Indeed, the unique hits from BioID link actin to different stages of transcription from the assembly 

of the PIC to transcription elongation by Pol II (Figure 3B). The hits included for example subunits of 

the TFIID, TFIIE, TFIIF and TIIH general transcription factors, supporting the previous data that link 

actin to PIC formation (Hofmann et al., 2004). In terms of transcription elongation, the  pTEF-β 

complex subunits, CDK9 and Cyclin T, which have also previously been linked to monomeric actin 

(Qi et al., 2011), were hits in our BioID screen (Figure 3B, Supplementary table 2). Interestingly, also 

pTEF-β regulatory proteins LARP7 (BioID), BRD4 (BioID) and DDX21 (AP-MS) (AJ et al., 2016) were 

identified as putative interactors for nuclear actin, indicating that actin could regulate the activity 

of pTEF-β by modulating its association or release from these factors. Curiously, the BioID hits 

included also CDK12, CDK13 and Cyclin K, which have all been implicated in transcription elongation 

(Greifenberg et al., 2016). Further experiments are needed to elucidate, if actin generally regulates 

CDK-mediated Pol II CTD phosphorylation like it has been postulated for the actin-CDK9 interaction 

(Qi et al., 2011). Of note, none of the RNA polymerase subunits were identified as high-confidence 

interactions in our assays (Supplementary table 2). In agreement with earlier studies (Obrdlik et al., 

2008; Percipalle et al., 2002; Percipalle et al., 2001), we detected interactions between actin and 

several hnRNP proteins and hnRNP-associated proteins, including hnRNPF (shared hit), hnRNPM 

(AP-MS), hnRNPP2 (BioID), and PSF (BioID). Recent studies have linked actin to DNA replication 

(Parisis et al., 2017) and our BioID screen suggested putative interactions between actin and several 

replication-linked proteins, including ORC2, ORC5, ORCA, POLA1, POLA2, PRIM1 and PRIM2 

(Supplementary table 2) (Li and Stillman, 2012; Wu et al., 2014). 

To further validate the shared hits from the AP-MS and BioID interactomes, we used light 

microscopy based Bimolecular Fluorescence Complementation (BiFC) technique (Cabantous et al., 

2005; Kerppola, 2008; Zhou et al., 2011), which allowed us to confirm the possible interactions in 

intact cells (Figure 4A). For this purpose, we decided to generate stable, inducible cell line expressing 

HA-GFP1-10-actin and attach smaller, epitope-like tag Flag-GFP11 to our MS hits. To test our 

method, we used Flag-GFP11-actin construct together with our inducible HAGFP1-10-actin cell line 

and saw reformed GFP (BiFC signal) in transfected cells with tetracycline induction, but not in non-

induced cells (Figure 4B). Of the eight (BRG1, DMAP1, KAT14, MBIP, hnRNPF, SSB, TFIP11 and LAP2) 
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tested proteins, representing different complexes and biological functions of the putative 

interactors, we were able to verify six by BiFC (Figure 4C). Only MBIP and LAP2 did not produce 

detectable GFP fluorescence, despite the fact that both were efficiently expressed in the cells 

(Figure 4C). This could indicate that these proteins are either false positives from the MS screens, 

that the interaction is not direct or that the orientation of the interaction does not allow the 

reformation of the GFP molecule.  

Taken together, by utilizing two complementary MS techniques we have been able to obtain a global 

view of the nuclear actin interactome. The identified interactions include already established 

binding partners for nuclear actin, as well as novel interactions that link actin to previously described 

functions such as chromatin remodeling, DNA replication and transcription. These novel interactions 

can now be used as the basis for unravelling the molecular mechanisms by which actin operates 

during these essential nuclear events. In this manuscript, we will further focus on the possible novel 

functions of actin in the context of the hATAC complex and pre-mRNA splicing.  

 

Actin binds directly to KAT14 histone acetyl transferase (HAT) and modulates its HAT activity 

As mentioned above, hATAC is a histone acetyl transferase (HAT) complex, which consists of 

multiple subunits (Guelman et al., 2009; Nagy et al., 2010; Wang et al., 2008). Actin usually interacts 

with chromatin remodelers with nuclear Arps [reviewed in (Kapoor and Shen, 2014)], and quite 

unexpectedly hATAC complex does not contain nuclear Arps. This intrigued us to further investigate 

the relationship between actin and hATAC. ATAC complex can also interact with PCAF, which is a 

HAT earlier associated to actin and hnRNPU (Obrdlik et al., 2008). Interestingly, we did not obtain 

PCAF in our nuclear actin MS analysis (Supplementary table 2), which might hint that there is 

another binding partner for actin in the ATAC complex. Here we turned our attention to KAT14, 

since it produced very strong signal in the BiFC assay. 

We first verified the interaction between KAT14 and actin by co-immunoprecipitation (Co-IP) with 

overexpressed proteins utilizing both proteins as baits (Figure 5A). Additionally, Co-IP with 

overexpressed KAT14 was able to pull down endogenous actin (Figure 5A). As our interactome data 

suggested that actin does not require its capacity to polymerize to associate with hATAC 

(Supplementary table 1), we decided to confirm this with Co-IP. We did Co-IPs with different actin 

mutants: non-polymerizable actin mutant (R62D-actin) and a mutant, which favors polymerization 
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(V159N-actin) (Posern et al., 2002). In addition, we also tested an actin mutant, which has mutations 

in the hydrophobic cleft (G168D, Y169D-actin) (Cao et al., 2016). Quantified results from the western 

blots suggest that R62D-actin binds KAT14 more efficiently than wild type actin, and that the 

mutation in the hydrophobic cleft diminishes the interaction almost completely (Figure 5B). There 

was a small decrease in the signal with the polymerization favoring V159N-mutant compared to wild 

type actin (Figure 5C), which strengthens the hypothesis that KAT14 would prefer binding to 

monomeric actin. We also mapped the binding site for actin in KAT14 with N- and C-terminal 

truncations of KAT14 (KAT14-1-546, and KAT14-547-782) (Figure 5C). Co-IP experiments showed 

actin-binding to the KAT14-547-782 construct, but not to KAT14-1-546, demonstrating   that the 

actin-binding site in KAT14 is in the C-terminus.  

To study if actin binds directly to KAT14, we did a pull down with purified actin and recombinant 

His-tagged KAT14 expressed and purified from insect cells. Actin was detected on beads coated with 

KAT14, but not those coated with GST (Figure 5D), showing that the interaction between KAT14 and 

actin is direct. The Co-IP experiments with KAT14 truncations suggested that actin would interact 

with the C-terminus of KAT14. Since this part of KAT14 contains also the histone acetyl transferase 

(HAT) activity (Ma et al., 2017), it prompted us to investigate if actin-binding to KAT14 would affect 

its HAT activity. Using purified proteins, addition of KAT14 to core histones results in marked 

increase in acetylation of histone 4 lysine 5 (H4K5Ac) (Figure 6A,B), previously shown to be target 

for KAT14 (Guelman et al., 2009). Purified actin alone did not increase H4K5Ac above negative 

control (Figure 6A,B). However, when added together with KAT14, actin significantly decreased the 

acetylation efficiency of KAT14 (Figure 6A,B), demonstrating that in vitro, actin influences the KAT14 

HAT activity. To study if actin could also regulate histone acetylation in cells, we overexpressed NLS-

actin utilizing the inducible Strep-HA-NLS-actin cell line used for the AP-MS and measured H4K5Ac 

levels. In agreement with in vitro studies, overexpression of NLS-actin led to a significant decrease 

in H4K5Ac levels (Figure 6C,D). In line with our MS (Supplementary table 1) and co-IP experiments 

(Figure 5B), overexpression of NLS-R62D-actin lead to a even greater decrease in H4K5Ac levels 

(Figure 6C,D), further supporting the notion that KAT14 seems to prefer binding to monomeric actin. 
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Actin has a functional role in RNA splicing 

Previous studies that have mainly focused on the hnRNP proteins (Obrdlik et al., 2008; Percipalle et 

al., 2002; Percipalle et al., 2001) have linked actin to pre-mRNA processing, and it has even been 

suggested that  actin would follow the mRNA from the nucleus to the polysomes for translation 

[reviewed in (Percipalle, 2009)]. However, the functional role for actin in pre-mRNA processing, 

beyond the role in transcription, has not been demonstrated. Our BioID hits (Figure 3A,B) further 

strengthen the link between actin and pre-mRNA processing, but the fact that we recovered also 

core subunits of the spliceosome suggests that actin could play a role in regulating the splicing 

process itself. To examine this further, we first utilized the BiFC assay to confirm selected 

interactions between actin and splicing factors. All four tested splicing related factors SF3a120, 

SF3a60, SF3b49 and CDC5L gave fluorescent BiFC-signal with actin in the nucleus, (Figure 7A). 

Intriguingly, the BiFC-signal between CDC5L and actin showed a punctate appearance (Figure 7A), 

possibly suggesting that these proteins interact in a specific nuclear compartment. To test the 

functional significance of nuclear actin for mRNA splicing, we altered nuclear actin levels by importin 

9 (Ipo9) (Dopie et al., 2012) and exportin 6 (Exp6) (Bohnsack et al., 2006; Stuven et al., 2003) 

depletion, thus decreasing and increasing nuclear actin levels, respectively, and performed survival 

of motor neuron 1/2 (SMN1/2) minigene splicing assay (Roca and Krainer, 2009). Interestingly, 

depletion of either Ipo9 or Exp6 increased exon 7 inclusion in the SMN2 minigene (Figure 7B). This 

indicates that alterations in nuclear actin dynamics disturb alternative exon skipping. 

 

Discussion 

Despite its essential functions in the cell nucleus, we still understand relatively poorly how actin 

operates in this cellular compartment at the molecular level. In the cytoplasm, actin has hundreds 

of binding partners, and many of these interactions have been characterized in molecular, and even 

structural, detail. As a step towards understanding the mechanisms by which actin operates in the 

nucleus, we have here aimed to identify its nuclear binding partners by using two complimentary 

MS-methods, AP-MS and BioID. Our analysis identifies already established binding partners for 

actin, such as components of chromatin remodeling complexes, and provides new insights into 

known actin-regulated processes, such as transcription. In addition, we identify completely novel 

binding partners and functions for actin in the nucleus.  
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The abundant cytoplasmic actin pool, as well as biochemical properties of actin itself, pose 

significant challenges for identifying nucleus-specific interactions for this protein. Cell fractionation 

is a common approach to study compartment-specific properties of proteins. Based on our own 

experiences, actin is quite hard to fractionate reliably, and the abundant cytosolic actin is easily 

contaminating the much less-abundant nuclear fraction. In addition, actin polymerization under 

physiological salt conditions further complicates the issue. Here we applied two approaches to 

overcome these issues: 1) increasing the actin amounts in the nucleus by fusing actin with an NLS 

and 2) comparing the interactomes to actin without the NLS. Indeed, GO term analysis revealed that 

our approach enriched proteins with the GO term nucleus (GO: 0005634; Figure 1B), but our 

approach has also its limitations. One limitation is that we are utilizing tagged actin for both AP-MS 

and BioID. In the case of AP-MS the tag is equivalent to an epitope tag (less than 4 kDa), but the 

mutated biotin ligase (BirA*) used in BioID is approximately 39 kDa. It is a valid concern that the tag 

may prevent some interactions of actin, and thus render them undetectable with the approach 

taken here. For example, although components of the SWI/SNF and SRCAP/TIP60 chromatin 

remodeling complexes were readily detected in our nuclear actin interactomes (Figure 2B,C), no 

specific subunits of the hINO80 complex scored as high-confidence interactions in our MS screens 

(Supplementary table 2). Earlier studies with yeast INO80 (Kapoor et al., 2013; Shen et al., 2003) 

and in vitro biochemical studies with actin, Arp4 and Arp8 (Fenn et al., 2011) clearly establish the 

presence of actin in this complex. Recent structural work of the Arp8 module, containing also actin 

and Arp4 (Knoll et al., 2018) may explain this discrepancy. In INO80, actin is sandwiched between 

Arp4 and Arp8, while in SWI/SNF and SRCAP/Tip60 complexes, actin pairs only with Arp4. Tagging 

actin could therefore either directly inhibit binding to the INO80 or alternatively, actin integrates 

more stably to the INO80 complex than to the other actin-containing remodelers, and the tagged-

actin cannot compete the endogenous actin out of the complex. Development of methods that 

allow studies on the endogenous nuclear actin interactions are therefore needed in the future to 

overcome these limitations. Another limitation of our experimental set up relates to the use of the 

wild type actin without the NLS to eliminate the cytoplasmic interactions from the nuclear 

interactomes. As we have shown before, actin shuttles in and out of the nucleus (Dopie et al., 2012), 

and hence the wild type actin also displays some nuclear localization (Supplementary figure 1), and 

consequently will interact with nuclear proteins to a certain extent. In line with this, especially the 

high-confidence interactions obtained with AP-MS for actin contained a substantial portion (38%) 

of hits with the GO term nucleus (Figure 1B). This tendency was most notable with the non-

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


polymerizable actin mutant R62D-actin (Supplementary table 1), and can be explained by the 

molecular properties of R62D-actin: first it cannot be incorporated into the actin cytoskeleton as 

tightly as WT actin (Posern et al., 2002) and second, it has higher nuclear import rate than WT actin 

(Dopie et al., 2012). Hence the analysis against the wild type actin may eliminate especially those 

interactions that take place both in the cytoplasm and in the nucleus. This could explain the 

relatively low number of known actin-binding proteins that were detected as high-confidence 

interactors for nuclear actin (Figure 2C). Recent studies have finally shown that nuclear actin can 

polymerize into canonical actin filaments (Grosse and Vartiainen, 2013), raising the question on how 

polymerization influences nuclear actin interactions. Although answering this question was not an 

aim of this study, we utilized the non-polymerizable actin mutant R62D-actin alongside wild type 

actin in our MS screen. However, we did not observe major differences between their nuclear 

interactomes (Figure 1C). Indeed, most of the known actin interaction partners in the nucleus, 

including Mrtf-A (Vartiainen et al., 2007), pTEF-β (Qi et al., 2011), and hnRNPU (Kukalev et al., 2005), 

as well as the different chromatin remodeling complexes (Kapoor et al., 2013; Zhao et al., 1998) 

seem to bind monomeric actin. It must also be noted that our experimental set up was not geared 

towards identifying binding partners for nuclear filamentous actin. It is unlikely that the filaments 

would stay intact during the AP-MS procedure, and the long biotinylation time required in BioID 

would not be compatible with the transient nature of the nuclear actin filaments (Baarlink et al., 

2017; Baarlink et al., 2013; Plessner et al., 2015). Nevertheless, this is an important avenue for future 

studies, since nuclear actin polymerization seems to have a key role both during cell cycle (Baarlink 

et al., 2017) and in DNA damage response (Caridi et al., 2018; Schrank et al., 2018). 

Beyond its roles in chromatin remodeling complexes, actin has also been linked to different steps of 

transcription (Fomproix and Percipalle, 2004; Hofmann et al., 2004; Kukalev et al., 2005; Obrdlik et 

al., 2008; Percipalle et al., 2003), and our recent genome-wide analysis indicates that actin interacts 

with basically all transcribed genes (Sokolova et al., 2018). In support of this, multiple proteins 

related to transcription from the assembly of the PIC to Pol II-mediated elongation (Jonkers and Lis, 

2015) were identified as high-confidence interactions in our MS screens (Figure 3A,B, 

Supplementary table 2). Notably, almost all of these transcription-related hits were obtained with 

BioID (Figure 3A,B, Supplementary table 2), suggesting that these interactions may be rather 

transient and dynamic. Alternatively, they could be very context-specific, and thus not retained in 

the AP-MS. Unexpectedly, we did not obtain a single subunit of the core RNA polymerases as a high-
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confidence interactor in our assays (Supplementary table 2), despite the fact actin was shown to  

co-purify  with Pol II already decades ago (Egly et al., 1984). Whether this is due to the experimental 

set up, for example the usage of tagged-actin, awaits further studies. Beyond gene expression, 

recent studies have linked actin to also maintenance of genomic integrity via movement of damaged 

DNA (Caridi et al., 2018; Schrank et al., 2018) and DNA replication (Parisis et al., 2017). Even though 

our mass spec analysis was done in normal, cycling cells, few of the putative interaction partners for 

actin were related to DNA replication and DNA damage response (Figure 3A, Supplementary table 

2). In the future, this nuclear actin interactome analysis could be expanded to different cell cycle 

phases and to samples with induced DNA damage.  

It is well established that actin associates with nuclear Arps to bind chromatin remodelers and 

modifiers like SWI/SNF, SRCAP/Tip60 and INO80 [reviewed in (Kapoor and Shen, 2014)]. To our 

surprise, the shared hits from the AP-MS and BioID screens included several subunits from the 

hATAC, a histone modifying complex without nuclear Arps (Guelman et al., 2009), and our further 

analysis revealed direct interaction between the histone acetyl transferase KAT14 and actin (Figure 

5D). We found that actin interacts with the C-terminus of KAT14, which also contains the HAT 

activity, and actin inhibited the KAT14 HAT activity in vitro (Figure 5C, 6A,B). The hATAC contains 

also another HAT, GCN5, and it seems that the HAT activities of both GCN5 and KAT14 contribute to 

the total HAT activity of the ATAC complex (Guelman et al., 2009; Suganuma et al., 2008). However, 

KAT14 and GCN5 seem to have distinct histone substrate preferences (Suganuma et al., 2008). In 

the future, it will be interesting to study if actin regulates the activity of also the whole hATAC 

complex, or whether its functions are restricted to KAT14. We were also able to detect significant 

decrease in H4K5 acetylation levels, which have previously been shown to be dependent on KAT14 

(Guelman et al., 2009), in cells overexpressing NLS-actin or even more prominently in cells 

overexpressing NLS-R62D actin (Figure 6C,D). However, we cannot exclude the possibility that these 

cellular effects are due to actin’s actions on some other proteins that control histone acetylation. 

Indeed, a recent paper demonstrated that actin monomers interact with histone deacetylases 

(HDAC) 1 and 2, and that polymerizing nuclear actin increased HDAC activity and decreased histone 

acetylation. However, the interaction between actin and HDAC proteins did not seem to be direct 

(Serebryannyy et al., 2016a). Further investigations are needed to reveal how actin is involved in 

controlling the delicate histone acetylation balance in cells. Interestingly, KAT14 has also been 

demonstrated to promote smooth muscle gene expression by interacting with SRF, CRP2 and 
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myocardin (Ma et al., 2017). It would be interesting to investigate whether KAT14 also plays a role 

in controlling the actin-regulated myocardin family member, MRTF-A (Vartiainen et al., 2007). 

Intriguingly, we obtained numerous RNA splicing related hits with our nuclear actin BioID screen 

(Figure 3A,B) and these contained multiple subunits from the major spliceosome complexes (Wahl 

and Luhrmann, 2015). In the BiFC assay, one of the tested splicing factors, CDC5L, displayed a 

punctate interaction pattern with actin in the nucleus (Figure 7A), which might indicate that the 

interaction occurs in nuclear speckles, domains known to be enriched in pre-mRNA splicing factors. 

Since splicing occurs co-transcriptionally (Herzel et al., 2017), the splicing related hits could be 

explained by the association of actin with the transcription machinery (Figure 3B). However, we 

were able to show that alterations in the nuclear actin levels disturb alternative splicing of the SMN2 

minigene (Figure 7B), potentially suggesting a functional role for actin in this process. However, we 

must note that since alterations in nuclear actin levels are also linked to decreased transcription 

(Dopie et al., 2012), this effect could be indirect, e.g. actin could be required for transcription of a 

spliceosomal component. Further experiments, such as deep RNA sequencing, are required to 

elucidate the exact role of actin in transcription vs. RNA processing. We have earlier shown that 

depletion of certain splicing related factors, such as CDC73, results in the formation of nuclear actin 

filaments, or bars (Rohn et al., 2011). It is therefore tempting to speculate that actin and RNA splicing 

are connected and that they both influence each other. 

Taken together, our interactome analysis opens new avenues for studying the mechanisms by which 

actin operates in the nucleus by providing both new angles for known actin-regulated nuclear 

processes and completely novel interactions as well as functions. The next step will be to analyze 

these interactions preferably in biochemical detail. This may prove challenging, since many 

interactions of actin, for example in the context of transcription, may be highly dynamic and 

transient, or could be highly context-specific, making it difficult to reconstitute these in vitro. 

However, biochemical data for nuclear actin interactions is crucial, so that we can start to 

manipulate the interactions and functions separately. This is critical, because this interactome 

analysis has further highlighted the multifunctional nature of nuclear actin. 
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Materials and methods 

Plasmids 

Detailed information of the cloned plasmids are available upon request. Majority of the plasmids 

generated here will be available at Addgene and Addgene ID number is indicated after the plasmid.  

To generate AP-MS compatible Strep-HA-actin constructs we used Gateway (GW) compatible N-

terminally tagged destination vector pcDNA5/FRT/TO/SH/GW (Glatter et al., 2009) and actin 

constructs [pENTR-actin (118378), pENTR-NLS-actin (118380), pENTR-R62D-actin (118379), pENTR-

NLS-R62D-actin (118381)]. To generate BioID compatible N-terminally tagged HA-BirA* destination 

vector (HA-BirA*-pDEST-N-pcDNA5/FRT/TO, 118375), pcDNA5/FRT/TO/SH/GW was altered by 

replacing the Strep-tag with BirA* from pcDNA 3.1 Myc-BirA (Roux et al., 2012) with restriction 

digestion. GW compatible vectors used in Bimolecular Fluorescence Complementation (BiFC) assay 

[HA-GFP1-10-actin-pcDNA4/TO (118370) and Flag-GFP11-pDEST] were cloned from pmGFP1-10 and 

pmGFP11 plasmids (Brunello et al., 2016), which were kind a gift from Henri Huttunen. GW cloning 

compatible destination vectors containing N- or C-terminal tags [2HA-pDEST-N/C (118373, 118374), 

2Flag-pDEST-N/C (118371, 118372), Flag-GFP11-pDEST-N/C (118366, 118367), HA-GFP1-10-pDEST-

C/N (118368, 118369)] were generated by restriction digestion cloning to pDEST27 vector (Thermo 

Fisher Scientific) as backbone. AP-MS or BioID hits were cloned to Flag-GFP11-pDEST by using GW 

cloning and entry vectors from Human ORFeome collection, except BRG1/SMARCA5, which was 

cloned from Hela cell cDNA. KAT14 was also cloned with GW to 2Flag-pDEST and to pDEST10 (KAT14-

pDEST10, 118382) (Thermo Fisher Scientific). KAT14 truncations [pENTR-KAT14-1-546 (118377), 

pENTR-KAT14-547-782 (118376)] were cloned to 2Flag-pDEST vector with GW cloning. PENTR-

G168D,Y169D-actin (118384) and pENTR-V159N-actin (118383) plasmids were generated from the 

pENTR-actin plasmid by site mutagenesis and cloned to 2HA-pDEST vector with GW cloning. SMN1 

and SMN2 minigene plasmids were kind gift from Mikko Frilander. 

Antibodies 

The following antibodies were from Merck: Flag (F1804) (1:400), HA (H3663) (1:400), Tubulin (B512) 

(1:2500), Actin (A3853) (1:2000). The following antibodies were from Abcam: KAT14 (ab127040) 

(1:1000) and H4K5Ac (ab51997) (1:10 000). The following antibodies were from Santa Cruz: HA-

Probe (sc-805) (1:300). The following secondary antibodies were from Thermo Fisher Scientific: HRP-

conjugated anti-mouse (G-21040) (1:7500), HRP-conjugated anti-rabbit (G-21234) (1:7500), Alexa-

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Fluor-488-conjugated streptavidin (S11223) (1:500), Alexa-Fluor-594-conjugated anti-mouse 

(A11005) (1:500), Alexa-Fluor-594-conjugated anti-rabbit (A11012) (1:500), Alexa-Fluor-647-

conjugated anti-mouse (A-31571) (1:500). The following secondary antibodies were from Merck: 

HRP-conjugated Flag M2 (A8592) (1:7500), HRP-conjugated HA (H6533) (1:7500), HRP-conjugated 

HIS (A7058) (1:7500). 

Cell lines and transfections 

All cell lines (Hela, Flp-In™ T-REx™ 293 and U2OS) were cultured in DMEM (Merck) supplemented 

with 10% Fetal Bovine Serum (FBS) (Thermo Fisher Scientific), Penicillin-Streptomycin (Thermo 

Fisher Scientific) and maintained at 37oC and 5% CO2.  

For generation of the stable cell lines with inducible expression of the BirA*- and Strep-HA-tagged 

versions of the different actin constructs (actin, R62D-actin, NLS-actin and NLS-R62D-actin), Flp-In™ 

T-REx™ 293 cell lines (Invitrogen, Life Technologies, R78007, cultured according manufacturer’s 

recommended conditions) were co-transfected with the expression vector and the pOG44 vector 

(Invitrogen) using the Fugene6 transfection reagent (Roche Applied Science). Two days after 

transfection, cells were selected in 15 μg/ml blasticidin S (Invivogen) and 50 μg/ml hygromycin 

(Thermo Fisher Scientific) for 2 weeks and emerged positive clones were tested and clones with 

correct actin localization and strong expression levels were amplified and used for experiments. 

Stable cells expressing BirA*- or Strep-HA-tag fused to green fluorescent protein (GFP) were used as 

negative controls and processed in parallel to the bait proteins. 

Stable cell line used in BiFC assay was generated by transfecting HA-GFP1-10-actin-pcDNA4/TO 

plasmid to human osteosarcoma (U2OS) cells stably expressing tetracycline repressor by using 

lipofectamine 2000 (Thermo Fisher Scientific) with manufacturer’s protocol. Cells were selected 

with 300 µg/ml zeocin (Invivogen) and 2,5 µg/ml blasticidin S and the clones were screened for 

strong induction level and low background signal. For the BiFC assay, HA-GFP-1-10-actin U20S cells 

were plated onto 24-well tissue culture plate at a density of 12,000 cells per well. The next day, cells 

were induced with 1:1000 dilution of tetracycline. On day three cells were transfected with DNA 

constructs using JetPrime transfection reagent (Polyplus transfection), according to the 

manufacturer’s instructions. In total, 250 ng of DNA was used for every transfection reaction, with 

the experimental vector amount 25 ng. The pEF-vector was used to fill up the total amount of DNA.  

Immunoprecipitations 
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For immunoprecipitation (IP), Hela cells were plated onto 10 cm culture dish at of 1,000,000 cells 

per dish. The next day, cells were transfected with 2Flag-KAT14, 2Flag-KAT14 truncations and 2HA-

actin constructs (R62D-actin, V159N-actin and G168D,Y169D-actin) using JetPrime transfection 

reagent (Polyplus transfection), according to the manufacturer’s instructions. Equal amount (3 µg) 

of expression vectors was used for transfection. 48 h after transfection cells were collected and 

lysed in lysis buffer (50 mM Tris-HCl, pH 8, 100 mM NaCl, 1 % IGEPAL and protease inhibitors 

(Roche)). Cleared lysate was obtained by centrifugation and diluted 1:2 in IP buffer [50 mM Tris-HCl, 

pH 8, 100 mM NaCl, and protease inhibitors (Roche)]. Prewashed 30 µl anti-flag® M2 affinity gel 

(Merck) was added to diluted lysates and after 3 h on rotation at +4 °C, the samples were washed 

three times with IP-buffer, and bound proteins eluted with 90 μL of 1 x SDS-PAGE loading buffer. 

Samples (33% of the immunoprecipitates and 10% of the inputs) were separated in 10% SDS-PAGE, 

transferred onto nitrocellulose membrane and the proteins detected with directly conjugated anti-

Flag M2-peroxidase, anti-HA HA-7 peroxidase, or with mouse anti-Actin.  

MS sample preparation and MS analysis 

Strep-HA or HA-BirA* stable cell lines were expanded to 80% confluence in 6 × 150 mm cell culture 

plates. For the AP-MS approach, 1 μg/ml tetracycline was added for 24 h induction of protein 

expression before harvesting the cells. For BioID, in addition to tetracycline, 50 μM biotin (Thermo 

Fisher Scientific) was added 24 h before harvesting. Cells from confluent plates (~6 × 107 cells) were 

pelleted as one biological sample, and at least two biological replicates were prepared for each bait. 

Cell pellets were snap frozen and stored at −80 °C until sample preparation. 

For AP-MS, the cell pellet was lysed in 3 ml of lysis buffer 1 (1% IGEPAL, 50 mM Hepes, pH 8.0, 

150 mM NaCl, 50 mM NaF, 5 mM EDTA, supplemented with 0.5 mM PMSF and protease inhibitors; 

Roche). For BioID, the cell pellet was lysed in 3 ml lysis buffer 2 (1 % IGEPAL, 50 mM Hepes, pH 8.0, 

150 mM NaCl, 50 mM NaF, 5 mM EDTA, 0.1% SDS, supplemented with 0.5 mM PMSF and protease 

inhibitors; Roche). Lysates were sonicated and treated with benzonase (Merck). Cleared lysate was 

obtained by centrifugation and loaded consecutively on spin columns (Bio-Rad) containing lysis 

buffer 1 prewashed 200 μl Strep-Tactin beads (IBA, GmbH). The beads were then washed 3 × 1 ml 

with lysis buffer 1 and 4 × 1 ml with wash buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 50 mM NaF, 

5 mM EDTA). Following the final wash, beads were then resuspended in 2 × 300 μl elution buffer 

(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 50 mM NaF, 5 mM EDTA, 1 mM Biotin) for 5 min and eluates 
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collected into an Eppendorf tubes. Samples were snap frozen and stored at −20 °C until MS-LC 

analysis.  

MS-LC samples were treated with 5 mM Tris (2-carboxyethyl)phosphine (TCEP) and 10 mM 

iodoacetamide for 30 mins at 37 °C to reduce cysteine bonds and alkylation, respectively. The 

proteins were then digested to peptides with sequencing grade modified trypsin (Promega, V5113) 

at 37 °C overnight. After quenching with 10% TFA, the samples were desalted by C18 reversed-phase 

spin columns according to the manufacturer’s instructions (Harvard Apparatus). The eluted peptide 

sample was dried in vacuum centrifuge and reconstituted to a final volume of 30 μl in 0.1% TFA and 

1% CH3CN. 

The MS analysis was performed on Orbitrap Elite hybrid mass spectrometer coupled to EASY-nLC II 

-system using the Xcalibur version 2.7.0 SP1 (Thermo Fisher Scientific). 4 μl of the tryptic peptide 

mixture was loaded into a C18-packed pre-column (EASY-Column™ 2 cm x 100 μm, 5 μm, 120 Å, 

Thermo Fisher Scientific) in 10 μl volume of buffer A and then to C18-packed analytical column 

(EASY-Column™ 10 cm x 75 μm, 3 μm, 120 Å, Thermo Fisher Scientific). Sixty-minute linear gradient 

at the constant flow rate of 300 nl/minute from 5 to 35% of buffer B (98% acetonitrile and 0.1% 

formic acid in MS grade water) was used to separate the peptides. Analysis was performed in data-

dependent acquisition: one high resolution (60,000) FTMS full scan (m/z 300–1700) was followed 

by top20 CID- MS2 scans in ion trap (energy 35). Maximum FTMS fill time was 200 ms (Full AGC 

target 1,000,000) and the maximum fill time for the ion trap was 200 ms (MSn AGC target of 50,000). 

Precursor ions with more than 500 ion counts were allowed for MSn. To enable the high resolution 

in FTMS scan preview mode was used. 

Search Parameters and Acceptance Criteria 

Proteins were identified using Proteome Discoverer™ software with SEQUEST search engine 

(version 1.4, Thermo Fisher Scientific). Thermo .raw files were searched against the human 

component of the UniProt-database (release 2014_11; 20130 entries) complemented with trypsin, 

BSA, GFP and the tag sequences. Trypsin was used as the enzyme specificity. Search parameters 

specified a precursor ion tolerance of 15 ppm and fragment ion tolerance of 0.8 Da, with up to two 

missed cleavages allowed for trypsin. Carbamidomethylation (+57.021464 Da) of cysteine residues 

was used as static modification whereas oxidation (+15.994491 Da) of methionine and biotinylation 

(+226.078 Da) of lysine residues or N terminus were used as dynamic modification. Peptide false 
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discovery rate (FDR) was calculated using Percolator node of software and set to <0.01. Spectral 

counting was used to produce semiquantitative data. Identification metrics for each sample are 

listed in Supplementary table 1. 

Identification of High-confidence interactions 

Significance Analysis of INTeractome (SAINT)-express version 3.6.0 (Teo et al., 2014) and 

Contaminant Repository for Affinity Purification (CRAPome, http://www.crapome.org/) 

(Mellacheruvu et al., 2013) were used for identification of specific high-confidence interactions (HCI) 

from our MS data. 11 GFP-Strep-HA runs [one GFP-Strep-HA control and 10 CRAPome GFP-Strep-

HA controls (CC295, CC306, CC307, CC411, CC316, CC323, CC328, CC329, CC330, CC332)] were used 

as control counts for each AP-MS hit. 4 HA-BirA*-GFP runs (from 2 biological HA-BirA*-GFP 

replicates) were used as control counts for each BioID-MS hit. Actin-MS and R62D-actin MS 

replicates (total 4 in AP-MS and in BioID-MS) were combined to analyze the AP-MS and BioID actin 

interactomes. NLS-actin-MS and NLS-R62D-actin MS replicates (total 4 in AP-MS and total 6 in BioID-

MS) were combined to analyze nuclear actin AP-MS and BioID interactomes. Identified proteins 

were considered as high confidence interactions if they were identified in at least two biological 

replicates,  and  had average spectral count fold change ≥ 2 (in AP-MS) or ≥ 0.5 (in BioID) compared 

to control. In addition, the high confidence interactions for nuclear actin had average spectral count 

fold change ≥ 1 (in AP-MS) or ≥ 0.5 (in BioID) compared to the respective actin sample. For SAINT-

express analysis spectral counts of different hit candidates (2 or 3 biological replicates) were pooled 

and analyzed over control with SAINT Express. The final results only consider proteins with SAINT 

score ≥ 0.88. This corresponds to an estimated protein-level Bayesian FDR of <0.01. Endogenously 

biotinylated proteins such as Acetyl-CoA carboxylase 2 (ACACB), Acetyl-CoA carboxylase 1, (ACACA) 

as well as proteins from other species than homo sapiens were removed from the final HCI list. 

Database for Annotation, Visualization and Integrated Discovery (DAVID) annotation tool (Huang et 

al., 2009) was used to create GO term tables from the hit lists. Shared hits and specific AP-MS hits 

were show with STRING map (version 10.5) (Szklarczyk et al., 2017).  

Microscopy 

Cells on coverslips were fixed with 4% paraformaldehyde for 15 min, washed three times with PBS 

and permeabilized for 7 min with 0,2% TritonX-100 (Merck) in PBS. For antibody staining, 

permeabilized cells were blocked with blocking buffer (1% gelatin (Merck), 1 % BSA (Merck) and 10 
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% FBS (Lonza) in 1 x PBS) for 1 h and incubated with primary antibody for 1 h. Coverslips were 

washed and incubated with Alexa Fluor conjugated secondary antibody for 1h. Coverslips were 

washed three times with 1 x PBS, once with MQ water and mounted in Prolong Diamond with DAPI 

(Thermo Fisher Scientific). 

Wide-field fluoresce microscope Leica DM6000 (Leica, Welzlar, Germany) with HCXPL APO 

63×/1.40–0.60 oil objective and confocal microscope Leica TCS SP8 STED 3X CW 3D with HC PL APO 

93x/1.30 glycerol objective were used to image the samples. The image files were processed with 

Leica LAS X and ImageJ software. 

 

Insect cell expression and protein purification 

Recombinant human His-KAT14 was produced by using the MultiBac baculovirus expression vector 

system. Briefly, KAT14-pDEST10 plasmid was transformed into DH10MultiBac cells and recombinant 

bacmids were isolated and the presence of the coding sequence of KAT14 was confirmed with PCR. 

A bacmid containing the right sequence was transfected into Spodoptera frugiperda cells (Sf9) by 

using Fugene HD (Promega). The baculoviruses were amplified and used for protein expression. The 

expression of recombinant human KAT14 was conducted by infection 2 x 106 Sf9 cells with the 

baculoviral stock at MOI 1. The cells were harvested after 72 h and the cell pellets were snap frozen 

and stored at -80 ˚C 

Cell pellets were resuspended in lysis buffer (25 mM Tris-HCl pH 8.0, 10 mM NaCl, 1mM MgCl2, 2 

mM B-mercabtoethanol, 0,2 % IGEPAL, 1 mM PMSF, protease inhibitors (Roche)) with Benzonase 

(Merck)  and lysed with EmulsiFlex-C3 (AVESTIN) with gauge pressure approximately 15000 psi for 

10 min. Immediately after lysing NaCl concentration was adjusted to 150 mM and also 10 mM 

Imidazole was added to cells extracts. Cell extract was incubated for 10 min at +4 ˚C and then 

clarified by spinning at 92000 x g for 30 min and immediately processed to metal (Ni2+) affinity 

purification. The cell extract from about 1 liter of infected cells was mixed with Ni2+-NTA agarose 

beads (Qiagen) that were equilibrated with lysis buffer. Beads were incubated with the extract for 

2 h in rotation at +4 ˚C. The beads were washed three times with the buffer A (25 mM Tris-HCl pH 

8.0, 300 mM NaCl, 2 mM mM B-mercaptoethanol) and two times with buffer A with addition of 10 

mM Imidazole. The last wash was conducted in a disposable 10 ml Poly-prep column (Bio-RAD) and 

the protein was eluted from the beads with 500 mM Imidazole in lysis buffer. The protein was 
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further purified with gel filtration column Superdex 200 (Superdex 200 HiLoad 16/60, Pharmacia), 

which was equilibrated with (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 0,5 mM EDTA, 2 mM B-

mercaptoethanol, 10 % glycerol). Fractions were analyzed by SDS-PAGE, and fractions containing 

His-KAT14 were concentrated and stored at -80 °C. 

Pulldown with purified proteins 

His-GST lysate (500 µl) and purified His-KAT14 were immobilized on Ni2+-NTA agarose beads 

equilibrated with storage buffer (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 0,5 mM EDTA, 2 mM B-

mercaptoethanol, 10 % glycerol) (30 µl, Qiagen) for 2 hours on rotation at + 4 °C. Beads were washed 

once with Binding buffer 1 (25 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM DTT), three times with 

Binding buffer 2 (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM DTT) and still once with G-Buffer (5 

mM Tris-HCl pH 7.5, 0,2 mM ATP, 0,2 mM CaCl2, 0,5 mM DTT). After washes beads were incubated 

with 4-fold amount of rabbit skeletal muscle actin compared to HIS-KAT14 in G-buffer for 3 hours 

on rotation at + 4 C. Rabbit skeletal muscle actin was prepared as described in (Pardee and Spudich, 

1982). After incubation the beads were washed three times with G-buffer and bound proteins were 

eluted with 1 x SDS-PAGE loading buffer. Samples were boiled for 5 min and the proteins were 

separated in 7,5 % Mini-PROTEAN® TGX™ Precast Protein Gel (BioRAD) and electroblotted to 

nitrocellulose membrane. The membrane was probed with KAT14, Actin, or His antibodies to assess 

their association with His-fusions. 

HAT assays in vitro and in cells 

Core histones (5 µg; Merck) were incubated with 30 µM Acetyl CoA in different conditions: with MQ 

water, with 20 µg Hela nuclear extract, with 250 nM His-KAT14, with 250 nM His-KAT14 with 

addition of 2,5 µM actin and with 2,5 µM actin alone. 25 µl reactions were performed in 1 x HAT 

buffer (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mM EDTA, 0.01% Igepal) and incubated in +30 °C 

for 1 h. After incubation the proteins were denaturated in 1 x SDS loading buffer and boiled for 5 

min before separation by 7,5 % Mini-PROTEAN® TGX™ Precast Protein Gel and electroblotted to 

nitrocellulose membrane or stained with Coomassie. The membrane was probed with KAT14, Actin 

and H4K5Ac antibodies. H4K5Ac was normalized to H4 protein amount and to Hela nuclear extract 

ratio, which was set to correspond 1. Error bars show the S.D. of 3 independent experiments. 

Significance between indicated samples shown with asterisk (*, P<0.05) 
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Strep-HA-NLS-actin and Strep-HA-NLS-R62D-actin cells were plated in 6 well plate wells in 250,000 

cells per well. The next day half of the cells were induced with 1:1000 dilution of tetracycline. On 

day three, the all the cells were harvested and washed once with 1 x PBS before lysing into 1 x SDS 

loading buffer. Samples were boiled for 5 min and the proteins were separated in 7,5 % Mini-

PROTEAN® TGX™ Precast Protein Gel and electroblotted to nitrocellulose membrane. The 

membrane was probed with KAT14, Actin, Tubulin and H4K5Ac antibodies. Quantification of the 

ratio of relative H4K5Ac amount was normalized to tubulin and to non-induced NLS-actin or NLS-

R62D-actin ratio, which was set to correspond 1. Error bars show the S.D. of 4 independent 

experiments. Significance between indicated samples shown with asterisk (*, P<0.05, ***, P<0.01) 

SMN1/SMN2 minigene splicing assay 

For splicing assay NIH cells were plated onto 6-well tissue culture plate at a density of 40,000 cells 

per well. The following day, cells were transfected with 20 nmol siRNA (Ipo9: 5′-

CACCGAGGAGCAGAUUAAA-3’, Exp6 5’-CGUUGAUAUUGGACGCCAA-3’ from Sigma; negative 

control: AllStars negative control from Qiagen) using Interferin transfection reagent (Polyplus 

transfection), according to manufacturer’s instructions. On day 4, cells were re-transfected with 

siRNAs and with SMN1 and SMN2 minigene plasmids (75 ng of SMN minigene, total DNA amount 1 

µg per well added up with mock DNA) [previously described in (Roca and Krainer, 2009)] with 

JetPrime transfection reagent (PolyPlus transfection). The following day total RNA was extracted 

with Nucleospin RNA II kit instructed by the manufacturer (Macherey-Nagel). Total RNA (500 ng) 

was used for complementary DNA synthesis using Maxima First Strand cDNA Synthesis Kit (Thermo 

Fisher Scientific). cDNAs from the SMN1/2 minigenes was amplified with pCI-Fwb and pCI-Rev 

primers (Cartegni et al., 2006) with Phusion Hot Start (Thermo Fisher Scientific), 25 cycles. PCR 

products were separated with 6% native PAGE stained with 0,5 µg/ml EtBr. Gel images were 

acquired with Gel Doc™ EZ System (BioRAD) and the intensity of the bands corresponding to 

different splice variants were measured. In all cases, the standard deviations were ≤ 5%, such that 

the exon-inclusion percentage values can be compared between experiments. Difference between 

control siRNA and Ipo9 siRNA exon 7 inclusion is significant (P<0.05). 

Statistical Analyses 

Statistical analyses were performed in Excel. The data for the HAT assays from the western blots 

and the SMN1/SMN2 splicing assay from native PAGE were analyzed by two-tailed student’s t-test 
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because the data conformed to normal distribution. The data for Strep-HA-NLS-actin and Strep-HA-

R62D-actin cell induction assays was analyzed with one sided student’s t-test. Significance was 

determined by P < 0.05, and the actual P values are indicated in the figure legends. 

 

Acknowledgements 

We thank Paula Maanselkä and Mikko Honkanen for technical assistance, as well as Henri Huttunen 

and Mikko Frilander for plasmids. Mikko Frilander is also acknowledged for his help with the SMN 

minigene assays. Imaging was carried out at the Light Microscopy Unit (LMU) of the Institute of 

Biotechnology. This work was supported by the Academy of Finland, ERC, Sigrid Juselius and Jane & 

Aatos Erkko foundation grants to MKV. 

 

References 

AJ, C.Q., A. Bugai, and M. Barboric. 2016. Cracking the control of RNA polymerase II elongation by 

7SK snRNP and P-TEFb. Nucleic Acids Res. 44:7527-7539. 

Allen, P.B., A.T. Greenfield, P. Svenningsson, D.C. Haspeslagh, and P. Greengard. 2004. Phactrs 1-4: 

A family of protein phosphatase 1 and actin regulatory proteins. Proc Natl Acad Sci U S A. 

101:7187-7192. 

Ayala, R., O. Willhoft, R.J. Aramayo, M. Wilkinson, E.A. McCormack, L. Ocloo, D.B. Wigley, and X. 

Zhang. 2018. Structure and regulation of the human INO80-nucleosome complex. Nature. 

556:391-395. 

Baarlink, C., M. Plessner, A. Sherrard, K. Morita, S. Misu, D. Virant, E.M. Kleinschnitz, R. Harniman, 

D. Alibhai, S. Baumeister, K. Miyamoto, U. Endesfelder, A. Kaidi, and R. Grosse. 2017. A 

transient pool of nuclear F-actin at mitotic exit controls chromatin organization. Nat Cell 

Biol. 19:1389-1399. 

Baarlink, C., H. Wang, and R. Grosse. 2013. Nuclear actin network assembly by formins regulates 

the SRF coactivator MAL. Science. 340:864-867. 

Belin, B.J., T. Lee, and R.D. Mullins. 2015. DNA damage induces nuclear actin filament assembly by 

formin-2 and Spire-1/2 that promotes efficient DNA repair. Elife. 4. 

Bohnsack, M.T., T. Stuven, C. Kuhn, V.C. Cordes, and D. Gorlich. 2006. A selective block of nuclear 

actin export stabilizes the giant nuclei of Xenopus oocytes. Nat Cell Biol. 8:257-263. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Brunello, C.A., X. Yan, and H.J. Huttunen. 2016. Internalized Tau sensitizes cells to stress by 

promoting formation and stability of stress granules. Sci Rep. 6:30498. 

Cabantous, S., T.C. Terwilliger, and G.S. Waldo. 2005. Protein tagging and detection with 

engineered self-assembling fragments of green fluorescent protein. Nature biotechnology. 

23:102-107. 

Cai, Y., J. Jin, L. Florens, S.K. Swanson, T. Kusch, B. Li, J.L. Workman, M.P. Washburn, R.C. Conaway, 

and J.W. Conaway. 2005. The mammalian YL1 protein is a shared subunit of the 

TRRAP/TIP60 histone acetyltransferase and SRCAP complexes. J Biol Chem. 280:13665-

13670. 

Cao, T., L. Sun, Y. Jiang, S. Huang, J. Wang, and Z. Chen. 2016. Crystal structure of a nuclear actin 

ternary complex. Proc Natl Acad Sci U S A. 113:8985-8990. 

Caridi, C.P., C. D'Agostino, T. Ryu, G. Zapotoczny, L. Delabaere, X. Li, V.Y. Khodaverdian, N. Amaral, 

E. Lin, A.R. Rau, and I. Chiolo. 2018. Nuclear F-actin and myosins drive relocalization of 

heterochromatic breaks. Nature. 

Cartegni, L., M.L. Hastings, J.A. Calarco, E. de Stanchina, and A.R. Krainer. 2006. Determinants of 

exon 7 splicing in the spinal muscular atrophy genes, SMN1 and SMN2. Am J Hum Genet. 

78:63-77. 

Choi, J.Y., T.H. Jang, and H.H. Park. 2017. The mechanism of folding robustness revealed by the 

crystal structure of extra-superfolder GFP. FEBS Lett. 591:442-447. 

Deng, W.S., C. Lopez-Camacho, J.Y. Tang, D. Mendoza-Villanueva, A. Maya-Mendoza, D.A. Jackson, 

and P. Shore. 2012. Cytoskeletal protein filamin A is a nucleolar protein that suppresses 

ribosomal RNA gene transcription. P Natl Acad Sci USA. 109:1524-1529. 

Dopie, J., K.P. Skarp, E. Kaisa Rajakyla, K. Tanhuanpaa, and M.K. Vartiainen. 2012. Active 

maintenance of nuclear actin by importin 9 supports transcription. Proc Natl Acad Sci U S 

A. 109:E544-552. 

Doyon, Y., W. Selleck, W.S. Lane, S. Tan, and J. Cote. 2004. Structural and functional conservation 

of the NuA4 histone acetyltransferase complex from yeast to humans. Mol Cell Biol. 

24:1884-1896. 

Egly, J.M., N.G. Miyamoto, V. Moncollin, and P. Chambon. 1984. Is actin a transcription initiation 

factor for RNA polymerase B? EMBO J. 3:2363-2371. 

El Amri, M., U. Fitzgerald, and G. Schlosser. 2018. MARCKS and MARCKS-like proteins in 

development and regeneration. J Biomed Sci. 25:43. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Euskirchen, G., R.K. Auerbach, and M. Snyder. 2012. SWI/SNF chromatin-remodeling factors: 

multiscale analyses and diverse functions. J Biol Chem. 287:30897-30905. 

Eustermann, S., K. Schall, D. Kostrewa, K. Lakomek, M. Strauss, M. Moldt, and K.P. Hopfner. 2018. 

Structural basis for ATP-dependent chromatin remodelling by the INO80 complex. Nature. 

556:386-390. 

Fenn, S., D. Breitsprecher, C.B. Gerhold, G. Witte, J. Faix, and K.P. Hopfner. 2011. Structural 

biochemistry of nuclear actin-related proteins 4 and 8 reveals their interaction with actin. 

EMBO J. 30:2153-2166. 

Fomproix, N., and P. Percipalle. 2004. An actin-myosin complex on actively transcribing genes. Exp 

Cell Res. 294:140-148. 

Fong, K.S., and H.G. de Couet. 1999. Novel proteins interacting with the leucine-rich repeat 

domain of human flightless-I identified by the yeast two-hybrid system. Genomics. 58:146-

157. 

Fowler, V.M., and R. Dominguez. 2017. Tropomodulins and Leiomodins: Actin Pointed End Caps 

and Nucleators in Muscles. Biophys J. 112:1742-1760. 

Galarneau, L., A. Nourani, A.A. Boudreault, Y. Zhang, L. Heliot, S. Allard, J. Savard, W.S. Lane, D.J. 

Stillman, and J. Cote. 2000. Multiple links between the NuA4 histone acetyltransferase 

complex and epigenetic control of transcription. Mol Cell. 5:927-937. 

Glatter, T., A. Wepf, R. Aebersold, and M. Gstaiger. 2009. An integrated workflow for charting the 

human interaction proteome: insights into the PP2A system. Mol Syst Biol. 5. 

Greifenberg, A.K., D. Honig, K. Pilarova, R. Duster, K. Bartholomeeusen, C.A. Bosken, K. Anand, D. 

Blazek, and M. Geyer. 2016. Structural and Functional Analysis of the Cdk13/Cyclin K 

Complex. Cell reports. 14:320-331. 

Grosse, R., and M.K. Vartiainen. 2013. To be or not to be assembled: progressing into nuclear actin 

filaments. Nat Rev Mol Cell Biol. 14:693-697. 

Gruber, A.R., G. Martin, W. Keller, and M. Zavolan. 2014. Means to an end: mechanisms of 

alternative polyadenylation of messenger RNA precursors. Wires Rna. 5:183-196. 

Guelman, S., K. Kozuka, Y. Mao, V. Pham, M.J. Solloway, J. Wang, J. Wu, J.R. Lill, and J. Zha. 2009. 

The double-histone-acetyltransferase complex ATAC is essential for mammalian 

development. Mol Cell Biol. 29:1176-1188. 

Guelman, S., T. Suganuma, L. Florens, S.K. Swanson, C.L. Kiesecker, T. Kusch, S. Anderson, J.R. 

Yates, 3rd, M.P. Washburn, S.M. Abmayr, and J.L. Workman. 2006. Host cell factor and an 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


uncharacterized SANT domain protein are stable components of ATAC, a novel 

dAda2A/dGcn5-containing histone acetyltransferase complex in Drosophila. Mol Cell Biol. 

26:871-882. 

Herzel, L., D.S.M. Ottoz, T. Alpert, and K.M. Neugebauer. 2017. Splicing and transcription touch 

base: co-transcriptional spliceosome assembly and function. Nat Rev Mol Cell Biol. 18:637-

650. 

Hofmann, W.A., L. Stojiljkovic, B. Fuchsova, G.M. Vargas, E. Mavrommatis, V. Philimonenko, K. 

Kysela, J.A. Goodrich, J.L. Lessard, T.J. Hope, P. Hozak, and P. de Lanerolle. 2004. Actin is 

part of pre-initiation complexes and is necessary for transcription by RNA polymerase II. 

Nat Cell Biol. 6:1094-1101. 

Hu, P., S. Wu, and N. Hernandez. 2004. A role for beta-actin in RNA polymerase III transcription. 

Genes Dev. 18:3010-3015. 

Huang, W., B.T. Sherman, and R.A. Lempicki. 2009. Systematic and integrative analysis of large 

gene lists using DAVID bioinformatics resources. Nat Protoc. 4:44-57. 

Ikura, T., V.V. Ogryzko, M. Grigoriev, R. Groisman, J. Wang, M. Horikoshi, R. Scully, J. Qin, and Y. 

Nakatani. 2000. Involvement of the TIP60 histone acetylase complex in DNA repair and 

apoptosis. Cell. 102:463-473. 

Jonkers, I., and J.T. Lis. 2015. Getting up to speed with transcription elongation by RNA polymerase 

II. Nat Rev Mol Cell Biol. 16:167-177. 

Kanehisa, M., and S. Goto. 2000. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids 

Research. 28:27-30. 

Kapoor, P., M. Chen, D.D. Winkler, K. Luger, and X. Shen. 2013. Evidence for monomeric actin 

function in INO80 chromatin remodeling. Nat Struct Mol Biol. 20:426-432. 

Kapoor, P., and X. Shen. 2014. Mechanisms of nuclear actin in chromatin-remodeling complexes. 

Trends Cell Biol. 24:238-246. 

Kerppola, T.K. 2008. Bimolecular fluorescence complementation (BiFC) analysis as a probe of 

protein interactions in living cells. Annu Rev Biophys. 37:465-487. 

Kircher, P., C. Hermanns, M. Nossek, M.K. Drexler, R. Grosse, M. Fischer, A. Sarikas, J. Penkava, T. 

Lewis, R. Prywes, T. Gudermann, and S. Muehlich. 2015. Filamin A interacts with the 

coactivator MKL1 to promote the activity of the transcription factor SRF and cell migration. 

Science signaling. 8:ra112. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Knoll, K.R., S. Eustermann, V. Niebauer, E. Oberbeckmann, G. Stoehr, K. Schall, A. Tosi, M. Schwarz, 

A. Buchfellner, P. Korber, and K.P. Hopfner. 2018. The nuclear actin-containing Arp8 

module is a linker DNA sensor driving INO80 chromatin remodeling. Nat Struct Mol Biol. 

25:823-832. 

Kukalev, A., Y. Nord, C. Palmberg, T. Bergman, and P. Percipalle. 2005. Actin and hnRNP U 

cooperate for productive transcription by RNA polymerase II. Nat Struct Mol Biol. 12:238-

244. 

Kumeta, M., S.H. Yoshimura, J. Hejna, and K. Takeyasu. 2012. Nucleocytoplasmic shuttling of 

cytoskeletal proteins: molecular mechanism and biological significance. Int J Cell Biol. 

2012:494902. 

Lambert, J.P., M. Tucholska, C. Go, J.D. Knight, and A.C. Gingras. 2015. Proximity biotinylation and 

affinity purification are complementary approaches for the interactome mapping of 

chromatin-associated protein complexes. J Proteomics. 118:81-94. 

Le Clainche, C., and M.F. Carlier. 2008. Regulation of actin assembly associated with protrusion 

and adhesion in cell migration. Physiol Rev. 88:489-513. 

Li, H., and B. Stillman. 2012. The origin recognition complex: a biochemical and structural view. 

Subcell Biochem. 62:37-58. 

Liang, C., K. Xiong, K.E. Szulwach, Y. Zhang, Z. Wang, J. Peng, M. Fu, P. Jin, H.I. Suzuki, and Q. Liu. 

2013. Sjogren syndrome antigen B (SSB)/La promotes global microRNA expression by 

binding microRNA precursors through stem-loop recognition. J Biol Chem. 288:723-736. 

Liu, J., A.G. Bang, C. Kintner, A.P. Orth, S.K. Chanda, S. Ding, and P.G. Schultz. 2005. Identification 

of the Wnt signaling activator leucine-rich repeat in Flightless interaction protein 2 by a 

genome-wide functional analysis. Proc Natl Acad Sci U S A. 102:1927-1932. 

Liu, X., K. Salokas, F. Tamene, Y. Jiu, R.G. Weldatsadik, T. Ohman, and M. Varjosalo. 2018. An AP-

MS- and BioID-compatible MAC-tag enables comprehensive mapping of protein 

interactions and subcellular localizations. Nat Commun. 9:1188. 

Ma, Y., Q. Li, A. Li, Y. Wei, P. Long, X. Jiang, F. Sun, R. Weiskirchen, B. Wu, C. Liang, J. Grotzinger, W. 

Yu, M. Mercola, Y. Huang, J. Wang, Y. Yu, and R.J. Schwartz. 2017. The CSRP2BP histone 

acetyltransferase drives smooth muscle gene expression. Nucleic Acids Res. 45:3046-3058. 

Machnicka, B., A. Czogalla, A. Hryniewicz-Jankowska, D.M. Boguslawska, R. Grochowalska, E. 

Heger, and A.F. Sikorski. 2014. Spectrins: a structural platform for stabilization and 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


activation of membrane channels, receptors and transporters. Biochim Biophys Acta. 

1838:620-634. 

Mellacheruvu, D., Z. Wright, A.L. Couzens, J.P. Lambert, N.A. St-Denis, T. Li, Y.V. Miteva, S. Hauri, 

M.E. Sardiu, T.Y. Low, V.A. Halim, R.D. Bagshaw, N.C. Hubner, A. Al-Hakim, A. Bouchard, D. 

Faubert, D. Fermin, W.H. Dunham, M. Goudreault, Z.Y. Lin, B.G. Badillo, T. Pawson, D. 

Durocher, B. Coulombe, R. Aebersold, G. Superti-Furga, J. Colinge, A.J. Heck, H. Choi, M. 

Gstaiger, S. Mohammed, I.M. Cristea, K.L. Bennett, M.P. Washburn, B. Raught, R.M. Ewing, 

A.C. Gingras, and A.I. Nesvizhskii. 2013. The CRAPome: a contaminant repository for affinity 

purification-mass spectrometry data. Nature methods. 10:730-736. 

Miralles, F., G. Posern, A.I. Zaromytidou, and R. Treisman. 2003. Actin dynamics control SRF 

activity by regulation of its coactivator MAL. Cell. 113:329-342. 

Mizuguchi, G., X. Shen, J. Landry, W.H. Wu, S. Sen, and C. Wu. 2004. ATP-driven exchange of 

histone H2AZ variant catalyzed by SWR1 chromatin remodeling complex. Science. 303:343-

348. 

Nagy, Z., A. Riss, S. Fujiyama, A. Krebs, M. Orpinell, P. Jansen, A. Cohen, H.G. Stunnenberg, S. Kato, 

and L. Tora. 2010. The metazoan ATAC and SAGA coactivator HAT complexes regulate 

different sets of inducible target genes. Cell Mol Life Sci. 67:611-628. 

Obrdlik, A., A. Kukalev, E. Louvet, A.K. Farrants, L. Caputo, and P. Percipalle. 2008. The histone 

acetyltransferase PCAF associates with actin and hnRNP U for RNA polymerase II 

transcription. Mol Cell Biol. 28:6342-6357. 

Pardee, J.D., and J.A. Spudich. 1982. Purification of muscle actin. Methods Cell Biol. 24:271-289. 

Parisis, N., L. Krasinska, B. Harker, S. Urbach, M. Rossignol, A. Camasses, J. Dewar, N. Morin, and D. 

Fisher. 2017. Initiation of DNA replication requires actin dynamics and formin activity. 

EMBO J. 36:3212-3231. 

Percipalle, P. 2009. The long journey of actin and actin-associated proteins from genes to 

polysomes. Cell Mol Life Sci. 66:2151-2165. 

Percipalle, P., N. Fomproix, K. Kylberg, F. Miralles, B. Bjorkroth, B. Daneholt, and N. Visa. 2003. An 

actin-ribonucleoprotein interaction is involved in transcription by RNA polymerase II. 

Proceedings of the National Academy of Sciences of the United States of America. 

100:6475-6480. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Percipalle, P., A. Jonsson, D. Nashchekin, C. Karlsson, T. Bergman, A. Guialis, and B. Daneholt. 

2002. Nuclear actin is associated with a specific subset of hnRNP A/B-type proteins. Nucleic 

Acids Research. 30:1725-1734. 

Percipalle, P., J. Zhao, B. Pope, A. Weeds, U. Lindberg, and B. Daneholt. 2001. Actin bound to the 

heterogeneous nuclear ribonucleoprotein hrp36 is associated with Balbiani ring mRNA 

from the gene to polysomes. Journal of Cell Biology. 153:229-235. 

Philimonenko, V.V., J. Zhao, S. Iben, H. Dingova, K. Kysela, M. Kahle, H. Zentgraf, W.A. Hofmann, P. 

de Lanerolle, P. Hozak, and I. Grummt. 2004. Nuclear actin and myosin I are required for 

RNA polymerase I transcription. Nat Cell Biol. 6:1165-1172. 

Plessner, M., M. Melak, P. Chinchilla, C. Baarlink, and R. Grosse. 2015. Nuclear F-actin formation 

and reorganization upon cell spreading. J Biol Chem. 290:11209-11216. 

Pollard, T.D., and J.A. Cooper. 2009. Actin, a Central Player in Cell Shape and Movement. Science. 

326:1208-1212. 

Posern, G., A. Sotiropoulos, and R. Treisman. 2002. Mutant actins demonstrate a role for 

unpolymerized actin in control of transcription by serum response factor. Mol Biol Cell. 

13:4167-4178. 

Qi, T., W. Tang, L. Wang, L. Zhai, L. Guo, and X. Zeng. 2011. G-actin participates in RNA polymerase 

II-dependent transcription elongation by recruiting positive transcription elongation factor 

b (P-TEFb). J Biol Chem. 286:15171-15181. 

Roca, X., and A.R. Krainer. 2009. Recognition of atypical 5' splice sites by shifted base-pairing to U1 

snRNA. Nat Struct Mol Biol. 16:176-182. 

Rohn, J.L., D. Sims, T. Liu, M. Fedorova, F. Schock, J. Dopie, M.K. Vartiainen, A.A. Kiger, N. 

Perrimon, and B. Baum. 2011. Comparative RNAi screening identifies a conserved core 

metazoan actinome by phenotype. J Cell Biol. 194:789-805. 

Rohrbach, T.D., N. Shah, W.P. Jackson, E.V. Feeney, S. Scanlon, R. Gish, R. Khodadadi, S.O. Hyde, 

P.H. Hicks, J.C. Anderson, J.S. Jarboe, and C.D. Willey. 2015. The Effector Domain of 

MARCKS Is a Nuclear Localization Signal that Regulates Cellular PIP2 Levels and Nuclear 

PIP2 Localization. Plos One. 10. 

Roux, K.J., D.I. Kim, M. Raida, and B. Burke. 2012. A promiscuous biotin ligase fusion protein 

identifies proximal and interacting proteins in mammalian cells. J Cell Biol. 196:801-810. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Russo, A., M. Catillo, D. Esposito, P. Briata, C. Pietropaolo, and G. Russo. 2011. Autoregulatory 

circuit of human rpL3 expression requires hnRNP H1, NPM and KHSRP. Nucleic Acids Res. 

39:7576-7585. 

Schrank, B.R., T. Aparicio, Y. Li, W. Chang, B.T. Chait, G.G. Gundersen, M.E. Gottesman, and J. 

Gautier. 2018. Nuclear ARP2/3 drives DNA break clustering for homology-directed repair. 

Nature. 

Serebryannyy, L.A., C.M. Cruz, and P. de Lanerolle. 2016a. A Role for Nuclear Actin in HDAC 1 and 2 

Regulation. Scientific reports. 6:28460. 

Serebryannyy, L.A., M. Parilla, P. Annibale, C.M. Cruz, K. Laster, E. Gratton, D. Kudryashov, S.T. 

Kosak, C.J. Gottardi, and P. de Lanerolle. 2016b. Persistent nuclear actin filaments inhibit 

transcription by RNA polymerase II. J Cell Sci. 129:3412-3425. 

Shao, Q.Q., T.P. Zhang, W.J. Zhao, Z.W. Liu, L. You, L. Zhou, J.C. Guo, and Y.P. Zhao. 2016. Filamin 

A: Insights into its Exact Role in Cancers. Pathol Oncol Res. 22:245-252. 

Shen, X., R. Ranallo, E. Choi, and C. Wu. 2003. Involvement of actin-related proteins in ATP-

dependent chromatin remodeling. Mol Cell. 12:147-155. 

Smith, S.S., K.H. Kelly, and B.M. Jockusch. 1979. Actin co-purifies with RNA polymerase II. 

Biochem.Biophys.Res.Commun. 86:161-166. 

Sokolova, M., H.M. Moore, B. Prajapati, J. Dopie, L. Merilainen, M. Honkanen, R. Cerejeira Matos, 

M. Poukkula, V. Hietakangas, and M. Vartiainen. 2018. Nuclear actin is required for 

transcription during Drosophila oogenesis. bioRxiv. 

Stuven, T., E. Hartmann, and D. Gorlich. 2003. Exportin 6: a novel nuclear export receptor that is 

specific for profilin.actin complexes. EMBO J. 22:5928-5940. 

Suganuma, T., J.L. Gutierrez, B. Li, L. Florens, S.K. Swanson, M.P. Washburn, S.M. Abmayr, and J.L. 

Workman. 2008. ATAC is a double histone acetyltransferase complex that stimulates 

nucleosome sliding. Nat Struct Mol Biol. 15:364-372. 

Szerlong, H., K. Hinata, R. Viswanathan, H. Erdjument-Bromage, P. Tempst, and B.R. Cairns. 2008. 

The HSA domain binds nuclear actin-related proteins to regulate chromatin-remodeling 

ATPases. Nat Struct Mol Biol. 15:469-476. 

Szklarczyk, D., J.H. Morris, H. Cook, M. Kuhn, S. Wyder, M. Simonovic, A. Santos, N.T. Doncheva, A. 

Roth, P. Bork, L.J. Jensen, and C. von Mering. 2017. The STRING database in 2017: quality-

controlled protein-protein association networks, made broadly accessible. Nucleic Acids 

Res. 45:D362-D368. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Wahl, M.C., and R. Luhrmann. 2015. SnapShot: Spliceosome Dynamics I. Cell. 161:1474-e1471. 

Van Oss, S.B., C.E. Cucinotta, and K.M. Arndt. 2017. Emerging Insights into the Roles of the Paf1 

Complex in Gene Regulation. Trends Biochem Sci. 42:788-798. 

Wang, E., and F. Cambi. 2009. Heterogeneous nuclear ribonucleoproteins H and F regulate the 

proteolipid protein/DM20 ratio by recruiting U1 small nuclear ribonucleoprotein through a 

complex array of G runs. J Biol Chem. 284:11194-11204. 

Wang, Y.H., A. Hariharan, G. Bastianello, Y. Toyama, G.V. Shivashankar, M. Foiani, and M.P. Sheetz. 

2017. DNA damage causes rapid accumulation of phosphoinositides for ATR signaling. Nat 

Commun. 8:2118. 

Wang, Y.L., F. Faiola, M. Xu, S. Pan, and E. Martinez. 2008. Human ATAC Is a GCN5/PCAF-

containing acetylase complex with a novel NC2-like histone fold module that interacts with 

the TATA-binding protein. J Biol Chem. 283:33808-33815. 

Varjosalo, M., R. Sacco, A. Stukalov, A. van Drogen, M. Planyavsky, S. Hauri, R. Aebersold, K.L. 

Bennett, J. Colinge, M. Gstaiger, and G. Superti-Furga. 2013. Interlaboratory reproducibility 

of large-scale human protein-complex analysis by standardized AP-MS. Nat Methods. 

10:307-314. 

Vartiainen, M.K., S. Guettler, B. Larijani, and R. Treisman. 2007. Nuclear actin regulates dynamic 

subcellular localization and activity of the SRF cofactor MAL. Science. 316:1749-1752. 

Wiezlak, M., J. Diring, J. Abella, S. Mouilleron, M. Way, N.Q. McDonald, and R. Treisman. 2012. G-

actin regulates shuttling and PP1 binding by the RPEL protein Phactr1 to control 

actomyosin assembly. J Cell Sci. 

Viita, T., and M.K. Vartiainen. 2017. From Cytoskeleton to Gene Expression: Actin in the Nucleus. 

Handb Exp Pharmacol. 235:311-329. 

Wu, L., Y. Liu, and D. Kong. 2014. Mechanism of chromosomal DNA replication initiation and 

replication fork stabilization in eukaryotes. Science China. Life sciences. 57:482-487. 

Yue, J., Q. Wang, H. Lu, M. Brenneman, F. Fan, and Z. Shen. 2009. The Cytoskeleton Protein 

Filamin-A Is Required for an Efficient Recombinational DNA Double Strand Break Repair. 

Cancer Res. 

Zhao, K., W. Wang, O.J. Rando, Y. Xue, K. Swiderek, A. Kuo, and G.R. Crabtree. 1998. Rapid and 

phosphoinositol-dependent binding of the SWI/SNF-like BAF complex to chromatin after T 

lymphocyte receptor signaling. Cell. 95:625-636. 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted October 17, 2018. ; https://doi.org/10.1101/445973doi: bioRxiv preprint 

https://doi.org/10.1101/445973
http://creativecommons.org/licenses/by-nc/4.0/


Zhou, J., J. Lin, C. Zhou, X. Deng, and B. Xia. 2011. An improved bimolecular fluorescence 

complementation tool based on superfolder green fluorescent protein. Acta Biochim 

Biophys Sin (Shanghai). 43:239-244. 

  

Figure legends 

Figure 1. Nuclear actin interactome resolved by using two different MS-approaches and 

differently localizing actin constructs 

A. Schematic view of two different MS-approaches, Affinity Purification MS (AP-MS) and Proximity-

dependent biotin identification (BioID). 1. Stable, inducible HEK Flp-In cell lines expressing different 

actin constructs tagged with HA-Strep (hemagglutinin Strep-tag) or HA-BirA* (mutated minimal 

biotin ligase) 2. After induction of actin construct expression, protein complexes are formed with 

tagged proteins. In BioID, addition of biotin allows HA-BirA* to biotinylate near neighbors of the 

tagged protein. 3. Single step purification with StrepTactin to purify formed protein complexes. 

Milder lysis conditions used in AP-MS to obtain full, intact protein complexes. Purification of 

biotinylated proteins in BioID-MS enables usage of harsher lysis conditions. 4. Protein digestion to 

peptides and LC/MS analysis.  

B. Fraction of high-confidence interactions with the Cellular Component (CC) GO term nucleus 

(GO:0005634) for the different actin constructs.  

C. Pie chart showing the fraction of hits that are unique or shared for NLS-actin and NLS-R62D-actin 

from both AP-MS and BioID. 

 

Figure 2. Shared hits from AP-MS and BioID link actin mainly to chromatin remodeling and 

modifying complexes 

A. Number of unique and shared high confidence interactions from AP-MS and BioID for nuclear 

actin (combined NLS-actin and NLS-actin-R62D). 

B. Shared hits from nuclear actin AP-MS and BioID shown as a STRING map. SWI/SNF complex 

(GO:0016514) highlighted in pink, ATAC complex (GO:0005671) in blue, and  Nu4A histone 

acetyltransferase complex (GO:0035267) (Nu4A is the core complex of SRCAP/Tip60) in yellow. 
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C. High-confidence interactions for nuclear actin obtained only with the AP-MS technique with 

Swiss-Prot keywords actin-binding, chromatin remodeling and transcription (26 out of total 96 hits) 

shown as a STRING map. Different complexes are highlighted as in B, with actin-binding proteins in 

red.  

 

Figure 3. BioID links actin to mRNA processing and transcription.  

A. DAVID functional annotation chart (Cut off Benjamini 10-3 and >2 % of all hits) with GO Direct 

Biological Pathways from unique BioID hits. 

B. Schematic picture of high-confidence interactions from BioID for nuclear actin that are involved 

in different stages of transcription (AJ et al., 2016; Gruber et al., 2014; Wahl and Luhrmann, 2015; 

Van Oss et al., 2017). Compositions of general transcription factors (GTFs) were obtained from KEGG 

pathway Ko03022 (Kanehisa and Goto, 2000). Note that RNA polymerase II (Pol II) is included for 

visualization purposes, although it was not a hit in the MS screens for nuclear actin. Phosphatase 

group is indicated with green circle with P and arrows indicate regulatory functions.  

 

Figure 4. Bimolecular Fluorescence Complementation (BiFC) technique validates interactions 

between shared hits from the AP-MS and BioID interactomes  

A. Schematic of BiFC technique, HA-GFP1-10 attached to bait protein (actin) and Flag-GFP11 

attached to prey protein (MS hit). Fluorescent GFP is reformed if bait and prey interact with each 

other. Schematic adapted from previous publications (Cabantous et al., 2005; Zhou et al., 2011) and 

drawn with PyMOL and GFP reference was taken from PDB ID 5B61 (Choi et al., 2017). 

B. Confocal microscopy images of stable, inducible U2OS cell line expressing HAGFP1-10-actin 

induced (+) and non-induced (-) with tetracycline, transiently transfected with FlagGFP11-actin and 

stained with DAPI as well as HA- and Flag-antibodies to visualize the expression of the BiFC 

constructs. GFP channel shows the BiFC signal signifying the interaction between the bait and prey 

protein. Scale bar, 20 μm. 
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C. BiFC microscopy assay with shared hits from the AP-MS and BioID screens. Confocal microscopy 

images of tetracycline induced HAGFP1-10-actin U2OS cells transiently transfected with the 

indicated FlagGFP11 constructs visualized as in B. Scale bar, 20 μm.  

 

Figure 5. hATAC subunit KAT14 directly binds actin and favors binding to actin monomers via its 

C-terminus 

A. Western blots of co-immunoprecipitation assay with 2Flag-KAT14 and 2HA-NLS-Actin by using HA 

(upper panel) or Flag-beads (middle panel). AC40 antibody was used to blot endogenous actin in co-

immunoprecipitation assay with or without overexpressed 2Flag-KAT14 by Flag-antibody (lower 

panel). IP, immunoprecipitation sample. Molecular weights indicated on the left. 

B. Western blots of co-immunoprecipitation with 2Flag-KAT14 and indicated HA-tagged actin 

mutants (upper panel). Lower panel shows the quantification of the relative amounts of actin 

mutants co-immunoprecipitated with KAT14. Data is normalized to wild type actin, and is the mean 

from 3 independent experiments with error bars showing standard deviation (S.D.). 

C. Western blots of co-immunoprecipitation assay with 2HA-actin and indicated Flag-KAT14 

constructs. 

D. Western blots of pull down assay with actin, His-KAT14 and His-GST detected with the indicated 

antibodies. Note that for detecting the baits, unequal amounts were loaded on the SDS-PAGE gels 

(33 % of His-KAT14 sample and less than 1 % of His-GST) for visualization purposes. See 

supplementary figure 2 (S2C) for equal loading.  

 

Figure 6. Actin inhibits KAT14 mediated H4K5 acetylation in vitro and in cells.  

A. Western blots of HAT assay with Hela nuclear extract, His-KAT14 without and with addition of 

actin and actin probed with the indicated antibodies.  

B. Quantification of the relative H4K5Ac abundance from western blots in 5A. Data is normalized to 

HeLa nuclear extract and mean from three independent experiments with error bars S.D. Statistics 

with two sided student’s t-test show significance between indicated samples (P=0.021). 
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C. Western blots from total cell lysates of non-induced and tetracycline-induced stable cell lines 

expressing inducible HA-Strep-NLS-actin or HA-Strep-NLS-R62D-actin with the indicated antibodies. 

D. Quantification of the relative H4K5Ac abundance from western blots in 5C. Data is normalized to 

the non-induced sample, and is mean from three independent experiments with error bars S.D.  

Statistics with one sided student’s t-test show significance between indicated samples (respectively 

P=0.035 and P=0.008).  

 

Figure 7. Actin associates with RNA splicing factors and disturbance of nuclear actin dynamics 

affect SMN2 alternative exon skipping  

A. Confocal microscopy images of BiFC assay between different splicing factors and actin. 

Tetracycline induced HAGFP1-10-actin U2OS cells transiently transfected with the indicated 

FlagGFP11 constructs.  Data shown as in Figure 4B.  

B. RT-PCR analysis of SMN1/SMN2 minigene splicing from control, Ipo9, and Exp6 siRNA treated NIH 

3T3 cells. The SMN1 and SMN2 mRNA products are indicated  on the left. Quantification from three 

independent experiments as mean percentage of exon inclusion with S.D indicated below. 

Difference between control siRNA and Ipo9 siRNA exon 7 inclusion is significant (P=0.03). 

 

Supplementary figure 1 (S1) Stable cell lines used for the MS experiments 

A. Wide-field microscopy images of stable, inducible cell lines expressing HAStrep-tagged actin 

constructs as indicated, and stained with HA antibody and DAPI. Scale bar, 10 μm.  

B. Wide-field microscopy images of stable, inducible cell lines expressing HABirA-tagged actin 

constructs as indicated, and stained with HA-antibody for construct expression, fluorescent 

streptavidin to visualize the biotinylated proteins and DAPI.  Scale bar, 10 μm.  

C. Wide-field microscopy images of stable, inducible cell lines expressing Strep-HA or BirA*-tagged 

GFP used as controls in the MS analysis, stained with HA antibody and DAPI. Scale bar 10 µm.  

 

Supplementary figure 2 (S2) 
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A. Number of unique and shared high confidence interactions from AP-MS and BioID screen for 

actin.  

B. DAVID functional annotation chart (Cut off Benjamini 10-4) with GO Direct Biological Pathway 

(BP), Cellular Component (CC), Molecular Function (MF) from shared high confidence interactions 

from actin AP-MS and BioID screens hits. 

C. Western blots of equal amounts of samples (33 %) loaded from the NTA Ni2+ pull down assay 

with His tagged GST and KAT14. HIS-HRP antibody was used to detect bound proteins in western 

blot. Related to figure 5D. 

 

Supplementary Table 1 

Raw data from the MS analysis 

 

Supplementary Table 2 

High-confidence interactions from the MS analysis 
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Figure 3. Viita et al.
A

B

GO number Term % PValue Benjamini

GO:0000398 mRNA splicing, via spliceosome 25 2.80E-57 2.0E-54

GO:0006351 transcription, DNA-templated 19 3.54E-04 9.8E-03

GO:0008380 RNA splicing 13 3.88E-24 1.4E-21

GO:0045944 positive regulation of transcription from RNA polymerase II promoter 12 6.38E-05 2.0E-03

GO:0006397 mRNA processing 11 2.09E-18 5.0E-16

GO:0006366 transcription from RNA polymerase II promoter 8 6.01E-05 2.0E-03

GO:0016032 viral process 7 8.48E-07 4.4E-05

GO:0006368 transcription elongation from RNA polymerase II promoter 7 1.21E-13 2.2E-11

GO:0006396 RNA processing 6 1.73E-10 2.1E-08

GO:0006367 transcription initiation from RNA polymerase II promoter 6 3.62E-07 2.4E-05

GO:0031124 mRNA 3'-end processing 5 3.96E-10 4.1E-08

GO:0006369 termination of RNA polymerase II transcription 5 5.04E-09 4.6E-07

GO:0016569 covalent chromatin modification 5 1.23E-06 5.6E-05

GO:0000375 RNA splicing, via transesterification reactions 4 8.72E-12 1.3E-09

GO:0042795 snRNA transcription from RNA polymerase II promoter 4 1.73E-07 1.4E-05

GO:0006334 nucleosome assembly 4 1.53E-05 6.2E-04

GO:0006406 mRNA export from nucleus 4 3.06E-05 1.2E-03

GO:0000082 G1/S transition of mitotic cell cycle 4 3.54E-05 1.2E-03

GO:0006283 transcription-coupled nucleotide-excision repair 4 3.29E-05 1.2E-03

GO:0043044 ATP-dependent chromatin remodeling 3 2.61E-07 1.9E-05

GO:0000245 spliceosomal complex assembly 3 5.78E-07 3.5E-05

GO:0006378 mRNA polyadenylation 3 9.27E-07 4.5E-05

GO:0006270 DNA replication initiation 3 2.14E-06 9.1E-05

GO:0010501 RNA secondary structure unwinding 3 1.90E-04 5.5E-03
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Figure 5. Viita et al.
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GO:0005737 cytoplasm 64 3.55E-05 4.22E-04

GO:0005829 cytosol 61 1.22E-07 3.27E-06

GO:0070062 extracellular exosome 45 8.16E-05 7.94E-04

GO:0098609 cell-cell adhesion 30 1.32E-09 1.31E-07

GO:0005913 cell-cell adherens junction 30 2.21E-09 2.36E-07

GO:0005925 focal adhesion 30 1.17E-08 4.16E-07

GO:0030036 actin cytoskeleton organization 27 9.34E-11 1.86E-08

GO:0015629 actin cytoskeleton 27 2.30E-09 1.23E-07

GO:0005856 cytoskeleton 24 2.36E-06 3.61E-05

GO:0030027 lamellipodium 21 2.56E-07 4.57E-06

GO:0005903 brush border 15 3.13E-06 4.18E-05

GO:0005938 cell cortex 15 5.40E-05 5.78E-04

GO:0005869 dynactin complex 12 2.48E-07 5.31E-06

GO:0008154 actin polymerization or depolymerization 12 1.37E-06 9.07E-05
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